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Summary 
 
 This master of science thesis studies linear phenomena in optical fibers, 
such as chromatic dispersion and nonlinear phenomena, such as Kerr effect, 
soliton pulse generation, Brillouin and Raman scattering. This thesis studies 
the properties of their interaction that result in the broadening of optical spec-
trum – supercontinuum. In this thesis I will study the properties of photonic 
crystal fibers and their importance to the supercontinuum generation. In sim-
ulation part, I will study two chosen fibers. In the end I will experimentally 
demonstrate supercontinuum generation that will be compared with results 
from simulations. Conclusion of this thesis contains proposal for further opti-
mization. 
 
 
 
 
 
 
 
Anotace 
 
 Tato diplomová práce se zabývá studiem lineárních jevů v optických vlák-
nech, jako je chromatická disperze a nelineárními jevy jako je, Kerrův jev, 
generace solitonů, Brillouinův a Ramanův rozptyl. Práce se zabývá účinky 
jejich interakce, které následně vyústí v rozšiřování spektra optického sig-
nálu – generaci superkontina. V této práci budu studovat vlastnosti fotonic-
kých krystalických vláken a jejích význam pro generaci supercontinua. V si-
mulační části se budu věnovat dvěma zvoleným vláknům. Nakonec bude ex-
perimentálně demonstrována generace superkontinua a bude porovnána 
s výsledky provedených simulací. Závěrem práce je návrh dalšího postupu a 
optimalizace 
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1. Introduction 
 
With the development of short pulse lasers, it was possible to introduce high power den-
sity optical field to the fiber. That led to high nonlinearity and formation of the supercontinuum 
[5, 6].  
 
Supercontinuum (SC) itself is an interaction between many nonlinear effects such as the 
Kerr effect, Raman scattering or solitons. It also utilizes dispersion, which is a linear effect as 
it does not depend on the input power.  
 
The result of such interaction is a transformation of narrow spectrum signal into a signal 
with broadband spectrum However, the nature of the interaction of these effects as well as 
the resulted spectrum depends on the properties of the fiber and the input pulse, such as 
nonlinearity, input pulse power, input pulse duration and especially group velocity dispersion 
curve [1, 2, 5, 6, 7]. 
 
With the subsequent development of photonic crystal fibers (PCFs), it became possible 
to precisely tailor these characteristics of PCF to enhance the supercontinuum generation 
(SCG). Due to the small core area size of PCFs and the pattern of air-filled holes, it is now 
possible to precisely tailor dispersion profile and simultaneously achieve high nonlinearity [5, 
6, 8, 10]. 
 
Due to extremely broad spectrum and the pulsed nature of the supercontinuum, it has 
many applications such as white-light sources in characterization setups, spectroscopy, cel-
lular biology or communications [1, 5, 7]. 
 
In this thesis I will first focus on the theoretical description of phenomena connected with 
SCG and the properties of PCFs. This fundamental knowledge will then be used to describe 
the interaction of these phenomena in PCF. Based on this theoretical background, I will then 
summarize the conditions required for SCG from the previous chapters in chapter 4. 
 
In chapter 5 I will choose two available PCFs and design their model using Comsol and 
Matlab software. I will then use these simulations as estimation of possibility of SCG. Last 
part of this thesis will then focus on verification of these simulations through the experimental 
setup. 
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2. Theoretical background 
 
In this chapter I will study principles of phenomena that influence the supercontinuum 
generation. The conditions of supercontinuum generation will be discussed in further 
chapters. 
 
 
2.1 Dispersion 
 
Dispersion can lead to substantial pulse broadening, especially for ultra-short pulses 
(below 1 ps). In multimode fibers it is caused by differences in paths of propagating modes 
or in other words, the differences of their group velocities. In single mode fibers (SMF) with 
only one propagating mode such phenomenon does not occur. The pulse broadening is still 
present however, as group velocity of propagating mode is frequency dependent [2].  
 
Dispersion plays a fundamental role in supercontinuum generation. It is a linear effect 
that influences the character of nonlinear interactions inside a fiber. [1] For the purpose of this 
paper I will only consider the chromatic dispersion as I will study PCFs. For different fibers 
such as birefringent fiber or multimode fibers other dispersion properties must be considered 
[1]. 
 
This frequency dependency of fundamental mode in SMF causes different parts 
(wavelengths) of the pulse launched into fiber to travel at different velocities and is commonly 
referred to as chromatic dispersion or group velocity dispersion (GVD) [11, 12]. This situation 
is illustrated in Fig. 2.1.1. [11]. 
 
 
 
Fig. 2.1.1: Effect of Chromatic dispersion on the wavelength components of the launched pulse [11]. 
 
Chromatic dispersion is composed of two components, material dispersion and wave-
guide dispersion. Material dispersion is based on dependency of refractive index, which is 
wavelength dependent. Therefore, the pulse launched into fiber that is composed of several 
wavelengths (characterized by Δω), has each of these wavelengths propagating at different 
indexes of refractivity. This causes the broadening of the pulse in time domain [2, 3]: 
 
𝛥𝑇 = 𝐿𝛽2𝛥𝜔       (2.1.1) 
 
 Where L is fiber length of the fiber, Δω is frequency difference between spectral com-
ponents of the optical pulse and 𝛽2 is group velocity dispersion parameter given by [2,3]:  
 
𝛽2 =  
𝛿2𝛽
𝛿𝜔2
       (2.1.2) 
 
 𝛽2 is therefore a parameter, that determines the amount of the pulse broadening that 
occurs during a propagation in a fiber [3]. It is customary and more convenient to use the 
wavelength instead of frequency scale. Therefore, Δω is often replaced with Δλ and the re-
sulted pulse broadening is then given by [2, 3]: 
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𝛥𝑇 = 𝐷𝐿𝛥𝜆       (2.1.3) 
 
Where L is length of fiber, Δλ is wavelength difference between spectral components 
of the optical pulse and D is dispersion parameter. 
 
  For the final dispersion D we can then derive the equation with units of 𝑝𝑠·𝑛𝑚−1·𝑘𝑚−1 
[1, 2, 3]: 
𝐷 =  −
2𝜋𝑐
𝜆2
𝛽2 = −
𝜆
𝑐
𝛿2𝑅𝑒{𝑛𝑒𝑓𝑓}
𝛿𝜆2
     (2.1.4) 
 
We can also define the slope of the dispersion curve as [2, 3]: 
 
𝑆 =  (
2𝜋𝑐
𝜆2
) 𝛽3 + (
4𝜋𝑐
𝜆3
) 𝛽2     (2.1.5) 
 
Where β3 is third order dispersion and 𝑛𝑒𝑓𝑓 is effective refractive index. Both equa-
tions 1.1.2 and 1.1.4 are complementary definitions of GVD [1]. GVD can achieve several 
values, if GVD is greater than zero we consider this to be normal dispersion regime whereas 
if GVD is lesser than zero we consider this to be anomalous dispersion regime [1]. If GVD is 
equal to zero we refer to it as zero dispersion wavelength (ZDW). The wavelength where 
ZDW occurs varies based on the fiber structure and fibers can even have several ZDW [1]. 
For SMF typical value of ZDW is at 1310 nm and the typical dispersion curve can be seen in 
Fig. 2.1.2. [2]. 
 
 
Fig. 2.1.2: Chromatic dispersion of SMF and its components, waveguide dispersion DW and material 
dispersion DM [2]. 
 
 
2.2 Kerr Effect 
 
In practice the refractive index is not only frequency dependent, but also depends on 
optical power (or intensity of light) [3]. Therefore, optical fiber exhibits nonlinearity when in-
creasing optical power (optical intensity). For refractive index we can derive the equation [2]:  
 
𝑛 =  𝑛1 + 𝑛2𝐼      (2.2.1) 
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where n1 is frequency dependent component and n2 is nonlinear component of the 
refractive index that depends on light intensity I. As a result, the signal that propagates in a 
medium (fiber) will change the refractive index of the given medium based upon its own in-
tensity. We can describe this nonlinearity by fiber nonlinearity coefficient γ as [1]: 
 
γ =  
2𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓
      (2.2.2) 
 
where Aeff is effective fiber area. For conventional silica based SMFs γ is in order of 1 
– 5 W-1km-1. Nonlinear part of refractive index n2 is much smaller than linear (n2 in order of 10-
20 [2]) and therefore at smaller intensities can be neglected [2]. It is important to note, that 
PCFs have nonlinearity index γ in order of 60 [3, 16], but can achieve even 550 W-1km-1 for 1 
µm solid core PCFs at 1550 nm [15]. 
 
 
2.3 Effective Area 
 
The optical power intensity leaving the fiber can be simply viewed as the optical in-
tensity leaving the core area of the fiber. However, the problem with such approach is that 
the distribution of optical intensity is non-uniform and the intensity near the center of the core 
is higher than at the core-cladding interface and even overlaps into cladding [14]. The exam-
ple of both Gaussian and rectangular optical field distribution can be seen in Fig. 2.3.1. [13]: 
 
 
 
Fig. 2.3.1: Gaussian and rectangular optical intensity distribution for the same effective area [13]. 
 
 Therefore, the integration is done over the entire fiber area and the effective area is 
defined as [13, 14]: 
 
𝐴𝑒𝑓𝑓 =
2𝜋(∫ |𝐸𝑎(𝑟)|
2𝑟𝑑𝑟
∞
0
)
2
∫ |𝐸𝑎(𝑟)|4𝑟𝑑𝑟
∞
0
=
2𝜋(∫ 𝐼(𝑟)𝑟𝑑𝑟
∞
0
)
2
∫ 𝐼2(𝑟)𝑟𝑑𝑟
∞
0
    (2.3.1) 
 
where Ea(r) is the electric field amplitude and I(r) is the optical field intensity at radius 
r from the center of the fiber.  
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2.4 Chirped Gaussian pulse 
 
If we consider a Gaussian pulse propagating in the optical fiber, we can describe it 
by [2]: 
𝐴 (0, 𝑡) = 𝐴0 exp [−
1+𝑖𝐶
2
(
𝑡
𝑇0
)
2
]    (2.4.1) 
 
 In this equation the A0 is the peak amplitude, T0 represents the half-width of the pulse 
at the 1/e and the C is the parameter that is responsible for the frequency chirp of the pulse. 
That frequency change is then related to the phase by relation [2]: 
 
𝛿𝜔(𝑡) = −
𝛿𝛷
𝛿𝑡
=
𝐶
𝑇0
2 𝑡      (2.4.2) 
 
where Φ is the phase of the pulse. If the pulses carrier frequency changes with time 
as described in equation 2.3.2, we call such pulse to be chirped. Generally, the result of such 
chirp is broader spectrum of the pulse. However, this is also dependent on the dispersion and 
in case of β2C << 0 we can observe chirped pulse compression that counteracts the initial 
pulse chirp and can even negate it completely after certain distance of propagation [2]. 
 
If the β2C >> 0 we can observe spectral broadening of the chirped pulse [2]. Broad-
ening of the chirped pulse in relation to propagation distance z is then described in relation 
[2]: 
𝑇1
𝑇0
= [(1 +
𝐶𝛽2𝑧
𝑇0
2 )
2
+ (
𝛽2𝑧
𝑇0
2 )
2
]
1/2
    (2.4.3) 
 
  Where T1 is half-width of the pulse at 1/e for the broadened pulse, T0 represents the 
half width of the original pulse at 1/e, β2 is group velocity dispersion and C is the pulse chirp 
parameter. 
 
 In reality we cannot always assume a Gaussian shaped pulse and non-Gaussian 
shaped pulses can exhibit a large spectral broadening of the pulse. As such we need to 
modify the equation 2.3.1 to include the shape of the pulse [2]: 
 
 𝐴 (0, 𝑡) = 𝐴0 exp [−
1+𝑖𝐶
2
(
𝑡
𝑇0
)
2𝑚
]    (2.4.4) 
 
 The parameter m then controls the shape of the pulse. For Gaussian shaped pulse 
the parameter m corresponds to 1. With increasing m the pulse becomes almost rectangular 
and is often called super-Gaussian pulse. Such pulses then tend to broaden more rapidly 
than Gaussian shaped pulses [2]. 
 
 
2.5 Self-Phase and Cross-Phase modulation  
 
Self-Phase Modulation (SPM) is a nonlinear effect that is directly resulting from Kerr ef-
fect. The result is that propagation constant becomes power dependent and can be derived 
from equation 2.2.1 as [2]: 
 
𝛽´ = 𝛽 + 𝑘0𝑛2
𝑃
𝐴𝑒𝑓𝑓
= 𝛽 + 𝛾𝑃     (2.5.1) 
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where γ is fiber nonlinearity coefficient, P is optical power propagating in the fiber  and 𝛽  
is power independent propagation constant. The nonlinear refractive index causes the non-
linear phase shift. That phase shift is described by [2,3]: 
 
𝛷𝑁𝐿 = ∫ (𝛽´ − 𝛽)𝑑𝑧
𝐿
0
= 𝛾𝑃𝐿     (2.5.2) 
 
 where P is optical power propagating in the fiber and L is the length of fiber.  
 
 Due to the time variation of optical power presented in equation 2.4.2 the phase of 
the signal propagating in a fiber also varies with time. This nonlinear phase modulation is 
induced by the propagating signal on itself and therefore it is called self-phase modulation 
(SPM) [2] and can be viewed in Fig. 2.5.1. [17]. 
 
 
 
Fig. 2.5.1: SPM induced instantaneous frequency chirp [17]. 
 
 Similar phenomenon can occur when two (or more) signals propagate in the same 
fiber. The nonlinear phase shift of a given signal propagating in the fiber would then be de-
pendent on the sum of the power of all the other signals in the fiber. This relation can be 
described for nonlinear phase shift of the n-th channel by equation [2]: 
 
𝛷𝑛
𝑁𝐿 = 𝛾𝐿 (𝑃𝑛 + 2 ∑ 𝑃𝑛𝑚≠n )    (2.5.3) 
 Where γ is fiber nonlinearity coefficient 𝑃𝑛 is the optical power of the given signal for 
the phase shift and the sum is then over the number of the signals. Since different signals 
induce a nonlinear phase shift, we call this phenomenon cross-phase modulation (XPM) 
[2, 3]. 
 
 The important result of both SPM and XPM is the pulse chirping and the resulting 
spectral broadening of the propagating pulse. However, the effect of the dispersion has to be 
considered, which results into two distinct modes of operation. In SPM and normal dispersion, 
the spectral and temporal broadening occurs.  
 
In the second, the interaction of SPM and anomalous dispersion lead to the balance 
of pulse compression caused by SPM chirp and spectral broadening caused by anomalous 
dispersion, which results in creation of solitons [1]. 
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 The effects of XPM are more complex as they require low group velocity mismatch, 
since different pulses propagating in the fiber can do so in different modes of dispersion [1]. 
 
 
2.6 Four-wave mixing 
 
Four-wave mixing (FWM) is a nonlinear phenomenon in which at least two optical signals 
are launched in a nonlinear medium. It results in generation of new optical signals at wave-
lengths different of the two input signals [18]. 
 
 If three optical signals are launched into a fiber with frequencies ω1, ω2 and ω3 they 
will interact with each other and a new signal will emerge at ω4 that is called idler [3]. For 
these signals it applies ω1 + ω2 = ω3 + ω4 [2]. Interaction of these three (four) signals can result 
in a large number (M) of newly created idlers at differences of frequencies of original signals 
[3]. We can receive a number of newly created idlers by solving [3]: 
 
𝑀 =  
(𝑁3−𝑁2)
2
      (2.6.1) 
 
  where N is number of optical signals sent into fiber. If two pump signals are frequency 
matched (ω1 = ω2) then phenomena is called degenerated four-wave mixing (DFWM) [19]. 
 
In case of DFWM where ω1 and ω2 are degenerated and ω1 = ω2 = ωp (they have 
same frequency but different wave vector [18]) then ω3 = ωs will force pump to give one 
photon to signal ωs and one to idler ωi [3]. As result exchange of energy occurs. Whole situa-
tion can be seen in Fig. 2.6.1. 
 
 
 
Fig. 2.6.1: Degenerated four-wave mixing 
 
These three signals (waves) can be described by their field intensities as [3]:  
 
E(x,y,z) = f(x, y)
1
2
[Ap(𝑧) exp(iβpz − iωpt) + 𝐴𝑠(𝑧) exp(𝑖𝛽𝑠𝑧 − 𝑖𝜔𝑠𝑡) +
𝐴𝑖(𝑧) exp(𝑖𝛽𝑖𝑧 − 𝑖𝜔𝑖𝑡) + 𝑐 ]     (2.6.2) 
 
By applying nonlinear Schrödinger equation to amplitudes A(z) we can receive ex-
pressions [3]: 
 
𝑑𝐴𝑝
𝑑𝑧
= 𝑖𝛾 [(|𝐴𝑝|
2
+ 2(|𝐴𝑠|
2 + |𝐴𝑖|
2)) 𝐴𝑝 + 2𝐴𝑠𝐴𝑖𝐴𝑝
∗ exp (𝑖𝛥𝛽𝑧)]  (2.6.3) 
𝑑𝐴𝑠
𝑑𝑧
= 𝑖𝛾 [(|𝐴𝑠|
2 + 2(|𝐴𝑝|
2
+ |𝐴𝑖|
2)) 𝐴𝑠 + 𝐴𝑖
∗𝐴𝑝
2∗exp (−𝑖𝛥𝛽𝑧)] (2.6.4) 
𝑑𝐴𝑖
𝑑𝑧
= 𝑖𝛾 [(|𝐴𝑖|
2 + 2(|𝐴𝑝|
2
+ |𝐴𝑠|
2)) 𝐴𝑖 + 𝐴𝑠
∗𝐴𝑝
2∗exp (−𝑖𝛥𝛽𝑧)]   (2.6.5) 
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Where Ap(z) is amplitude of pump signal, As(z) is amplitude of signal at ωs and As(z) 
is amplitude of signal of created idler. 𝛾 =
𝜔𝑝
𝑐
∙
𝑛2
𝐴𝑒𝑓𝑓
 is nonlinear coefficient as presented in 
2.2.2. and Δβ is difference of propagation constants [19]: 
 
𝛥𝛽 =  𝛽𝑠 + 𝛽𝑖 − 2𝛽𝑝      (2.6.6) 
 
 
2.7 Solitons 
 
Solitons are optical pulses that propagate in nonlinear medium with similar properties 
as particles. The soliton can propagate in a medium without changing its spectral envelope 
and can even survive the collisions [2].  
 
The generation of the soliton is a result of balance between spectral broadening of 
the GVD and pulse compression that occurs in SPM. For pulse compression the chirp caused 
by SPM has to satisfy the condition of GVD·C << 0 [2]. 
 
 To describe the generation of solitons we can use a nonlinear Schrödinger equation 
in the presence of GVD and SPM [2]: 
 
𝛿𝐴
𝛿𝑧
+
𝑖𝛽2
2
𝛿2𝐴
𝛿𝑡2
−
𝛽3
6
𝛿3𝐴
𝛿𝑡2
= 𝑖𝛾|𝐴|2𝐴 −
𝛼
2
𝐴    (2.7.1) 
 
 Where β3 is higher order dispersions, α is attenuation of the fiber and the γ represents 
the nonlinearity coefficient (equation 2.2.2). To simplify the description, we can forgo the at-
tenuation α and higher order dispersion β3. We can also normalize the equation [2]: 
 
𝜏 =
𝑡
𝑇0
,   𝜉 =  
𝑧
𝐿𝐷
,  𝑈 =  
𝐴
√𝑃0
 
 
where T0 is the length of the pulse, P0 is the peak power of the pulse and LD is disper-
sion length. After normalization and setting β3 = 0 and α = 0, we get the equation [2]: 
 
𝑖
𝛿𝑈
𝛿𝜉
−
𝑠
2
𝛿2𝑈
𝛿𝜏2
+ 𝑁2|𝑈|2𝑈 = 0     (2.7.2) 
 
where s accounts for the sign of β2 (i.e. -1 for anomalous dispersion and +1 for normal 
dispersion) and N2 is a parameter for pulse and fiber combination. Since the parameter s can 
achieve both positive and negative values, it is possible to create solitons in both anomalous 
and normal dispersion.  
 
Solitons with positive β2 (normal dispersion) are called dark solitons and result in a 
decrease in power of the background that remains unchanged during propagation [2]. The 
solitons with negative β2 (anomalous dispersion) are then called bright solitons and result in 
pulses that propagate in fiber without changing its envelope. 
 
 
2.8 Stimulated Raman scattering 
 
The Stimulated Raman scattering (SRS) is a non-elastic scattering that converts 
wave propagating in a fiber into a wave of lower energy. The difference results in a form of 
phonon that is absorbed by the molecules of the material. The absorbed energy causes the 
molecules to be in an excited vibrational state [2]. 
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The scattering of the light then creates a wave that can propagate in co-propagating 
and counter-propagating direction. The scattered light is then Stokes shifted by up to 13 THz 
and the spectrum then extends over 10 THz for silica based fibers. The Raman gain spectrum 
can be seen in Fig. 2.8.1. [21]. 
 
 
Fig. 2.8.2: Raman gain spectrum for silica fibers [21]. 
 
 For soft glass fibers PBG 08 (lead-bismuth-gallium-oxide glass) the Raman shift can 
be up to 30 THz [20]. The amount of Stokes shift is determined by the energy absorbed in 
material molecules [2]. The shift of scattered light towards longer wavelengths is called 
Stokes while shift to shorter wavelengths is called anti-Stokes.  Both Stokes and anti-Stokes 
shift can be seen in Fig. 2.8.2. 
 
Fig. 2.8.2: Stokes and anti-Stokes shift of the scattered light. 
 
Since it is a stimulated scattering, the SRS can only occur after reaching a threshold 
level and can be estimated as [2, 3]: 
 
𝑃𝑡ℎ~̃
16𝛼(𝜋𝑤2)
𝑔𝑅
     (2.8.1) 
 
where gR is SRS gain, α represents fiber attenuation and w is the spot size that is 
gained from Aeff = πw
2 (for Gaussian pulse). 
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The SRS gain depends on the decay time of the excited molecules that is based on 
the material. In case of glass fibers, the excited molecules merge together into band that 
causes a broad Raman spectrum [2], as can be seen in Fig. 2.8.2. [21]. 
 
 
2.9 Stimulated Brillouin scattering 
 
The stimulated Brillouin scattering (SBS) is in its nature very similar phenomena as 
Raman scattering. The difference is that while in Raman scattering the optical phonons create 
the new co or counter propagating wave, in SBS it is acoustic phonons that are present [2]. 
 
SBS converts transmitted light launched into fiber into counter-propagating light wave 
with Stokes-shift (down shifted) frequency [3, 2, 28]. Frequency downshift is around 10 – 14 
GHz [3, 2]. SBS is caused by excited co-propagating acoustic wave due to of nonlinearity 
caused changes in the material density with applied high optical power. It is a process where 
material becomes more compressed when electric field is present. Such process is called 
electrostriction [2].  
 
SBS is dominant optical fiber nonlinearity [28]. Intensity of light scattered through SBS 
increases exponentially after power threshold needed for SBS to occur is reached [2]. Power 
threshold is described in [1]: 
 
𝑃𝑡ℎ =  
21𝑘𝐴𝑒𝑓𝑓
𝑔0𝐿𝑒𝑓𝑓
 (
𝛥𝜈𝐵+𝛥𝜈𝑃
𝛥𝜈𝐵
)     (2.9.1) 
 
where k is polarization factor between 1 and 2, 𝐴𝑒𝑓𝑓is effective fiber area, 𝑔0 is Brillouin 
gain coefficient, 𝐿𝑒𝑓𝑓is effective interaction length, 𝛥𝜈𝐵is Brillouin line width and 𝛥𝜈𝑃is pump 
spectral light. 
 
SBS induces limitation to optical communication systems by reducing maximum usable 
power. These limitations mainly apply to amplifiers (such as parametric amplifiers or Raman 
amplifiers) and lasers [28]. High power is also needed for transparent wavelength conversion 
and efficient phase conjugation [3]. Effects of SBS on signal power can be seen in Fig. 2.9.1 
[29]: 
 
 
Fig 2.9.1: Effect of SBS on signal power [29]. 
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SBS can be suppressed by broadening spectrum width (which reduces overall power in 
carrier wave) [28], as can be seen in equation 2.9.1, and such technique is very com-
mon [3, 28]. However, such approach is limited by dispersion limitation given by spectrum 
broadening.  
 
Power threshold is also dependent upon data format – for instance a single pulse with 
short width would not induce SBS, contrary to a bit stream. Typical value of SBS power 
threshold is ~5 mW or 7 dBm [2]. 
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3. Properties of Photonic Crystal Fibers 
 
In this chapter I will study the properties of the Photonic Crystal optical fibers. Namely 
their basic guiding principles, dispersion profiles and how these values can be modified. 
I will be focusing on the solid-core guiding fibers. 
 
 
3.1 Basic guiding properties 
 
Photonic crystal fibers are an alternative fiber technology to the classical solid fibers 
with higher density (and refractive index) core than cladding [4].  
 
These fibers are designed in such a way that they present intentional, periodical de-
fects in the structure of the fiber. These defects are represented in a form of a periodical air-
hole structure and that has different refractive index as the rest of the material. Therefore, 
when an electromagnetic wave propagates in such a medium it leads to the existence of 
band structure [22].  
 
When light enters the photonic crystal structure, the light can be either reflected or 
diffracted. The direction of diffracted light depends on the periodicity of the photonic crystal 
structure and the amount of the diffracted light depends on the distribution of refractive index 
in the fiber structure [22]. 
 
To describe the propagation of electromagnetic wave in photonic crystals we can use 
Maxwell equations for propagation in a periodic, loss-less media. The results of these equa-
tions are again periodic and provide Bloch modes that can be represented in 2D periodic 
lattice as summation of space harmonics. The resulted wave equation for magnetic field 𝐻𝑘 
can be seen in 3.1.1. [22, 23] and the periodic lattice is depicted in Fig. 3.1.1. 
 
𝐻𝑘 = ∑ ℎ𝐺𝐻0𝑒𝑥𝑝[−𝑖(𝑘 − 𝐺)𝑟]𝐺    (3.1.1) 
 
where G is lattice vector in periodic lattice, k is wavevector. 
 
 
Fig. 3.1.1: 2D periodic PCF lattice containing crystal structure and defects (air holes). Brillouin zone 
boundaries are marked in red. 
 
Due to the periodical distribution of defects and therefore refractive index, the propa-
gation of the optical wave is also periodical in space of propagation constants (k-space). This 
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leads to the definition of Brillouin zones as depicted in the Fig. 3.1.1. Brillouin zones bounda-
ries surround the primitive cell in the periodic lattice structure and provide the solution in the 
form of Bloch waves [22].  
 
Bloch waves are the wavefunctions that provide the solution for periodically repeating 
environment. Since the propagation of optical wave is also periodical in direction of propaga-
tion constant, the solution from a single Brillouin zone is sufficient to describe the periodical 
medium (PCF) [22]. 
 
The construction of PCF as 2D photonic crystal is then based on the planar wave-
guides and the air holes with low refractive index are used to confine the wave around the 
solid material core with higher refractive index and thus provide the waveguide [22]. 
 
 
 
Fig. 3.1.2: Example of 2D periodic PCF structure with air holes’ diameter 𝑑 and distance between air 
holes 𝛬 [24]. 
 
Fig. 3.1.2. [24] depicts a possible PCF structure, with solid core surrounded by peri-
odic, lower refractive index air-holes. For this fiber a photonic bandgap effect phenomenon is 
used. Photonic bandgap is a mechanism that reflects the light by periodic structure, in this 
case air holes. It is only possible to reflect the optical waves with wavelength that is equal to 
twice the period of the air hole structure 𝛬 [4, 22]. 
 
This results in guidance of only one fundamental mode, as all the higher modes with 
smaller or larger wavelengths would pass the air-hole structure unobstructed [4, 22]. 
 
The guidance of higher modes is strongly dependent on the structures air-fill factor, 
that is defined as 𝑑 𝛬⁄  [4, 22, 23]. It has been found out, that the triangular structure PCFs, 
such as depicted in Fig. 3.1.3 [26, 27], would guide only fundamental mode if the air-fill factor  
~ 𝑑 𝛬⁄ < 0.4 [4, 22, 24]. These fibers are therefore called endlessly single-mode fibers [4]. 
The situation is depicted in Fig. 3.1.3 [24].  
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Fig. 3.1.3: Illustration of guided modes in PCF fibers as dependent on the wavelength λ and the air-fill 
factor 𝑑 𝛬⁄  [24]. 
 
Examples of the solid core PCFs can be seen in Fig. 3.1.4. [26, 27]. 
 
 
 
Fig. 3.1.4: Examples of solid core PCFs [26, 27]. 
 
The high reflectivity bandgap effect allows for the new approach to fiber design as it 
is possible to confine and guide a wave even in a low refractive index medium, such as air. 
Therefore, it is possible to create a fiber with hollow-core that would still guide the light [4, 24], 
something that is impossible with the use of classical solid fibers. Example of these fibers can 
be seen in Fig. 3.1.5 [30]. 
 
 
 
Fig. 3.1.5: Examples of hollow-core fibers PCFs [30]. 
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The important part photonic core fibers is the attenuation they offer. For both hollow-
core and solid-core PCFs the losses mechanisms are the same. They are Rayleigh scatter-
ing, confinement loss, bending loss and fiber imperfections along the axis. Losses are divided 
into intrinsic losses and beam confinement or leakage losses [4]. 
 
Intrinsic losses can be described by the equation 3.1.2. [4]: 
 
𝛼𝑑𝐵 =
𝐴
𝜆4⁄ + 𝐵 + 𝛼𝑂𝐻 + 𝛼𝐼𝑅    (3.1.2) 
 
where A is Rayleigh scattering coefficient, B is imperfection loss, 𝛼𝑂𝐻is OH absorption 
loss and 𝛼𝐼𝑅is infrared absorption loss. In PCFs the OH absorption losses are the dominant 
factor with losses over 10 dB/km [4]. 
 
Confinement losses are responsible for the leakage of the guided light through the 
air-hole structure due to finite number of air-holes in the cross section of the PCF and imper-
fection (irregularities) in this structure. To reduce, or even eliminate, the confinement losses, 
it is required to design the air-hole structure with large enough air-hole diameter, spacing 
between air holes and large core area. However, large air-fill factor 𝑑 𝛬⁄  causes fiber to be 
multimode [4, 22, 24]. 
 
As a result, the PCFs offer higher losses than solid fibers with. However, with the 
proper design of air-fill factor, core size and control of OH impurities it is possible to achieve 
attenuation of 0.37 dB/km for solid core fibers and 1.2 dB/km for hollow core [31]. The devel-
opment of PCFs attenuation can be seen in Fig. 3.1.6. [4]. 
 
Fig. 3.1.6: Development of attenuation in solid-core and hollow-core PCFs [4]. 
 
Advantage of PCF fibers is that their properties can be easily modified to suit the 
application. The linear part of the refractive index as described in (2.2.1) can be modified 
using dopants, as can be seen in Fig. 3.1.7 [32].  Where the different concentrations of rare 
earth ions of 𝐸𝑟3+have been used. 
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Fig. 3.1.7: Example of refractive index difference using 𝐸𝑟3+ ions as dopants [32]. 
 
The nonlinear part of refractive index 𝑛2 as is described in (2.2.1) can be also 
changed by introducing dopants. The typical value of 𝑛2 in silica fibers is typically in order of 
10-20 m2/W [2, 34]. However, PBG 08 (lead-bismuth-silicate glass) PCF fiber has 𝑛2 value of 
4.3x10-19 m2/W [33]. 
 
The dopants however present a disadvantage, as doping fiber with additional sub-
stances presents additional intrinsic losses and the resulted fiber has attenuation in order of 
dB/m. These dopants can also change the mechanical properties of the fiber and as such it 
can be fragile.  
 
 
3.2 Dispersion tailoring 
 
As stated in chapter 2.1 the GVD leads to the pulse broadening and consists of two 
parts, the material dispersion and waveguide dispersion. For typical single mode fibers, the 
material dispersion is dominant as it is a solid fiber and the properties of the waveguide are 
significantly smaller [4, 5].  
 
However, PCFs often have a large air hole structure with much smaller core and thus 
the design of air-hole structure of PCF contributes significantly to the resulting dispersion, as 
the structure exhibits strong waveguide properties. Therefore, we need to consider both, the 
material and waveguide dispersion [5, 35, 36].  
 
The advantage of PCFs is that with the proper design air-hole diameter (𝑑) and the 
distance between the air-holes (pitch 𝛬) the dispersion curve can be easily manipulated to 
shift the ZDW over the large range of wavelengths and the resulting dispersion curve can be 
flattened or used to compensate anomalous dispersion [4]. 
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To compensate for anomalous dispersion a small core of 𝑑𝑐𝑜𝑟𝑒 = 2𝛬 − 𝑑 [4] with 
large air holes 𝑑 and small pitch 𝛬 can be used. Example of such solution can be seen in 
Fig. 3.2.1. [4]. 
 
Fig. 3.2.1: Example of dispersion compensating triangular PCFs with pitch 𝛬 = 0.8 [4]. 
 
To flatten the dispersion curve it is possible to use two approaches. The first one uses 
progressively increasing air-hole diameter 𝑑 in the cross section from the core of the fiber. 
The situation can be seen in Fig. 3.2.2. [4]. 
 
 
 
Fig. 3.2.2: Example of PCF fiber designed for flattened dispersion curve with increasing air-hole diameter 𝑑 [4]. 
 
With this approach changing only the first ring has the largest effect on dispersion 
curve. By decreasing the air-fill factor 𝑑 𝛬⁄  the dispersion value increases and the slope in-
creases (dispersion curve flattens). By modifying the 𝑑2and 𝑑3the slope and dispersion value 
changes similarly however, to the lesser degree. This is caused by tight beam confinement 
of the fiber [4]. The result of modification of 𝑑1, 𝑑2, and 𝑑3 can be seen in Fig. 3.2.3 [4]. 
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Fig. 3.2.3: Flattened dispersion curve as result of variable modification to the diameter of the air-hole structure [4]. 
 
The second method is to use a dopant in the core area of PCF. The first ring of air-
holes is modified with three regions of fluorine doped areas and the central core area is doped 
with germanium [4, 37]. The situation can be seen in Fig. 3.2.4. [4]. 
 
 
 
Fig. 3.2.4: Schematics of doped PCF with fluorine doped area marked in red and germanium doped core marked 
in blue [4]. 
 
This approach allows for further control in the shaping of the dispersion curve. Where 
by changing the diameter of the fluorine doped areas 𝑑𝑓 it is possible to shift the ZDW and 
by further optimizing the pitch 𝛬 and air-fill factor 𝑑 𝛬⁄ , it is possible to achieve a flattened 
dispersion curve as can be seen in Fig. 3.2.5. [4]. 
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Fig. 3.2.5: Flattened dispersion curve as a result of doped core area PCFs with 𝑑 = 0.65, 𝛬 = 1.7 µm 
and 𝑑𝑓 as a function of dopant area diameter [4]. 
 
 
3.3 Nonlinearity 
 
Nonlinearity or the Kerr effect and the nonlinearity coefficient γ have been described 
in chapter 2.2. From the equation 2.2.2 it is apparent that the nonlinearity is highly dependent 
on the effective area of the fiber and nonlinear refractive index 𝑛2 that in turn is dependent 
on the optical intensity of the wave propagating in a fiber.  
 
The PCFs offer a high nonlinearity through high confinement of the propagating wave 
in a small core size fiber. Moreover, PCF fibers can be manufactured from different, non-silica 
materials such as bismuth, chalcogenide, sapphire, gallium or lead, with higher nonlinear 
refractive index 𝑛2 [37, 38]. These materials also provide higher transparency in the longer 
wavelengths, as opposed to silica based fibers [37]. 
 
Properly designing of the air-hole structure of the PCF cross section can be used to 
tailor the nonlinear refractive index coefficient 𝑛2. This requires the modification of the air-fill 
ratio 𝑑 𝛬⁄ , air-hole diameter 𝑑 and the pitch 𝛬. The result of such tailoring can be seen in 
Fig. 3.3.1. [36].  
20 
 
 
Fig. 3.3.1: Example of nonlinear refractive index coefficient tailoring by changing the pitch 𝛬, air-hole 
diameter 𝑑 and air-fill ratio 𝑑 𝛬⁄  [36]. 
 
In the Fig. 3.3.1. it can be observed that with the decreasing pitch 𝛬1of inner air-hole 
ring the nonlinear refractive index coefficient 𝑛2 increases. 
 
In addition, the doping of the core as described in section 3.2. can be used to achieve 
both, high nonlinearity γ and the flat dispersion curve. Using for example chalcogenide core 
tellurite cladding with core diameter 𝑑𝑐𝑜𝑟𝑒= 0.625 µm high nonlinearity of γ = 31 W
-1m-1 at 800 
nm or 11W-1m-1 at 1550 nm while still maintaining flat dispersion curve [38]. This is caused 
by very small effective area of the fiber. The situation can be seen in Fig. 3.3.2. and 3.3.3. 
[38]. 
 
Fig. 3.3.2: Flat dispersion curve of chalcogenide core tellurite cladding PCF with 𝑑𝑐𝑜𝑟𝑒= 0.625 µm core 
diameter [38]. 
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Fig. 3.3.3: Resulting dispersion and effective area of the chalcogenide core tellurite cladding PCF with 𝑑𝑐𝑜𝑟𝑒= 
0.625 µm core diameter [38]. 
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4. Supercontinuum generation and its conditions 
 
In this chapter I will study the phenomena discussed in chapter 2 as well as their interac-
tion with each other and their effect on generation of the supercontinuum. I will focus on gen-
eration of supercontinuum with femtosecond pulse laser (FSL) used as pump. 
 
 
4.1 Nonlinear propagation and SC generation 
 
Supercontinuum generation is a process that involves the interaction of many nonlin-
ear effects that has been discussed in chapter 2 and leads to the broadening of the initial 
spectrum. Each phenomenon on itself cannot fully describe the resulting spectrum. It is their 
interaction that matters.  
 
To describe the nonlinear propagation in the medium along the z axis a generalized 
nonlinear Schrödinger equation (GNLSE) is used [1, 39, 40]. 
 
𝛿𝐴(𝑧,𝑇)
𝛿𝑧
= ∑
𝑖𝑛+1
𝑛!
𝛽𝑛
𝛿𝑛𝐴
𝛿𝑇𝑛
+ 𝑖 (𝛾0 + 𝑖𝛾1
𝛿
𝛿𝑇
−
𝛾2
2
𝛿2
𝛿𝑇2
) (𝐴(𝑧, 𝑇) ∫ 𝑅(𝑇′
𝑇
−∞
)|𝐴(𝑧, 𝑇 − 𝑇′)|2𝑑𝑇′)𝑛>2
  (4.1.1)  
where 𝐴(𝑧, 𝑇) is optical field envelope, 𝑇 is time, 𝛽𝑛 is the nth derivative of propaga-
tion constant, 𝛾𝑛 is nth derivative of nonlinear coefficient. 
 
 In supercontinuum generation we can consider only the spectrum broadening caused 
by chromatic dispersion. However due to the use of the PCF fibers it is important to consider 
both, the waveguide and material dispersion as they offer strong waveguide effect [1, 4, 5]. 
 
For dispersion it is also important to consider the phase velocity and group velocity of 
the propagating signal. The phase mismatch will limit the interaction of the optical field present 
in the fiber and plays an important role in frequency conversion process. The group velocity 
mismatch then influences the interaction length [1]. 
 
 Self-phase and cross phase modulation plays a role in the ZDW region as only the 
nonlinearity presented by Kerr effect will take place. It creates a time dependent intensity 
modulation that results in differences in a local refractive index. The change in refractive index 
then causes the time dependent phase delay resulting in a nonlinear pulse chirp with gener-
ation of the new spectral components [1]. 
 
 In interaction of SPM and dispersion we can get two modes of operation. The first 
one leading to both spectral and temporal broadening of the pulse in the normal dispersion 
region. The second one in anomalous dispersion region leading to the creation of solitons [1]. 
 
 The generation of the soliton is a result of the balance between spectral broadening 
of the GVD and pulse compression that occur due to SPM [1, 2]. The soliton propagation 
equation has been presented in 2.5.2 where N2 is the pulse and fiber parameter. For the 
fundamental soliton the N = 1 and for the higher order soliton N ≥ 2. The higher order solitons 
then undergo a periodic spectral and temporal change [1].  
 
For supercontinuum generation the higher order solitons with N >> 1 are considered. 
Their initial formation in anomalous dispersion region will consist of the spectral broadening. 
However higher order solitons are unstable and can easily dissolve into several pulses with 
lower amplitude. This process is called soliton fission and in combination with Raman scat-
tering has the most significant influence in supercontinuum generation with femtosecond 
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pump lasers [1, 40]. The evolution of one soliton fission into two solitons can be seen in Fig. 
4.1.1. [41] 
 
 
 
Fig. 4.1.1: The evolution of one soliton fission into two solitons [41]. 
 
In case of picosecond and up to continuous wave pump sources. The four-way mixing 
is a dominant effect on the spectral broadening. As the pump signal is converted into series 
of sideband that then undergo the spectral broadening [1]. 
 
 
4.2 Supercontinuum generation with femtosecond pulses 
 
In case of a femtosecond pump it is important to consider SRS and the soliton fission 
as the two main effects. These phenomena have the largest impact on SCG in the long 
wavelength region after the initial formation of the soliton.  
 
The broadening of the pulse caused by the SPM and its appropriate frequency chirp 
is then compensated by the compression in anomalous dispersion region thus forming a sol-
iton [1]. 
 
The first part of spectrum broadening can be achieved by soliton‘s continuous self-
frequency shift. That is caused by the soliton fission and breakup of the initial pulse into many 
soliton pulses. Each of the solitons induces Raman scattering and appropriate Raman shift 
and thus generating new spectral components in the longer wavelength region. The Raman 
frequency shift is possible due to the overlap of the soliton pulses with Raman spectrum gain 
in the anomalous dispersion region [1]. 
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Further spectral components can then be generated through a dispersive wave. Dis-
persive wave is generated when the soliton pulse is injected near the ZDW region and the 
propagating soliton can then transfer a portion of its energy as a dispersive wave in the nor-
mal dispersion region [1]. 
 
The shift to the lower wavelengths is then governed by interaction of soliton and the 
dispersive wave through the Raman scattering. In such case a higher order dispersion β3 is 
important. The soliton formation and dispersive wave radiation can e seen in Fig. 4.2.1. [4]. 
 
Fig. 4.2.1: Formation of soliton and dispersive wave radiation in regard to dispersion curve. 
 
If β3 > 0, the newly created dispersive wave has smaller group velocity then the orig-
inal soliton. The soliton propagation is however continuously slowed by the Raman effect and 
the dispersive wave is able to catch up. When that happens the soliton reflects the dispersive 
wave backwards and the process can repeat again [1]. 
 
The generation of the new spectral components at the lower wavelengths is depend-
ent on the group velocity and group index where the group index has to increase with wave-
length. Since the group index increases with wavelength the backward reflection results in 
the shift to the lower wavelengths [1]. 
 
 For β3 < 0 the radiation and dispersive wave is amplified with the distance of propa-
gation. In such case the newly created dispersive wave is created ahead of the soliton and 
therefore cannot be reflected backwards or interact at all as in case of β3 > 0. However, fibers 
with several ZDW regions exist and the emitted dispersive wave can interact with a different 
soliton [1].  
 
 It is also important to note that the pulse broadening reaches its maximum at certain 
distance of propagation that is dependent on the soliton fission. This length is therefore called 
a fission length and can be approximated as [1]: 
 
𝐿𝑓𝑖𝑠𝑠~̃
𝐿𝐷
𝑁
      (4.2.1) 
 
 Where LD is characteristic dispersive length and corresponds to the soliton order. Both 
of these can be expressed as [1]: 
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𝑁2 =
𝐿𝐷
𝐿𝑁𝐿
 ,   𝐿𝐷 =  
𝑇0
2
|𝛽2|
 ,   𝐿𝑁𝐿 =  
1
𝛾𝑃0
 
 
 Where LNL is characteristic nonlinear length, N
2 is parameter for pulse and fiber com-
bination, P0 is peak power and T0 is pulse width. 
 
 
4.3 Conclusion and the conditions for supercontinuum generation 
 
Some of the conditions for the supercontinuum generation have already been de-
scribed in the previous chapter. For one it is important to use pump laser in the anomalous 
dispersion region close to the ZDW. In this case we can generate solitons and make use of 
their fission to frequency shift the newly created solitons to the longer wavelengths as well as 
use dispersive wave to generate new spectral components at the shorter wavelengths.  
 
To generate solitons, we would require the interaction of correct SPM frequency chirp 
with GVD. SPM would then be dependent on the high nonlinearity of the fiber. 
 
It is also apparent that the dispersion profile plays the key role in supercontinuum 
generation and should be as flat as possible in both anomalous and normal region as well as 
having higher order dispersion β3 greater than zero. 
We can also make use of the fibers with multiple ZDW where β3 could be negative 
and we would still be able to generate new spectral components in the shorter wavelength 
region. 
 
Since all these effects interact with Raman scattering and the initial soliton creation 
as well as further propagation requires sufficient pump power. It is important to introduce a 
high enough pump power to reach the Raman scattering threshold. It is estimated around 
1 W region. 
 
All of these conditions are best satisfied with PCFs as they allow small core with high 
power density. Because of the small effective area, we also get high nonlinearity. With rear-
ranging of the air-hole structure and material dopants we can then easily tailor fiber dispersion 
profile to our needs. 
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5. Simulation results of supercontinuum generation 
 
In this chapter I will model two available PCFs using COMSOL Multiphys-
ics 5.0 software. I will then estimate the dispersion curve and higher order disper-
sion constants. Afterwards, using Matlab software I will simulate SCG. 
 
5.1 Fiber modeling and SCG 
 
In this thesis I will study two available PCFs. The first one is marked as NL24C4 and 
the second one NL29A6. Both of these fibers are manufactured from PBG - 08 glass 
(lead-bismuth-gallium-oxide glass). First it is required to model the PCF cross-section and 
provide refractive index of the material as is described by Sellmeier equation. For PBG 
08 the Sellmeier equation was measured and provided by VŠCHT as is depicted in Fig. 
5.1.1. 
 
For NL24C4 the pitch 𝛥 = 2.39 µm, air-hole diameter 𝑑 = 1.15 µm and core diameter 
𝑑𝑐𝑜𝑟𝑒 = 3.52 µm. For fiber NL29A6 the pitch 𝛥 = 2.2 µm, air-hole diameter 𝑑 = 2.1 µm 
and core diameter 𝑑𝑐𝑜𝑟𝑒 = 1.8 µm. 
 
1.8793 +  ((2.672 ∗ 104) ∗ (𝜆−2))  −  ((1.716 ∗ 109) ∗ (𝜆−4))  (5.1.1) 
 
The resulted designed PCFs can be seen in Fig. 5.1.1. 
 
 
 
Fig. 5.1.1: Designed PCFs NL24C4 (a) and NL29A6 (b). Blue parts are air-holes with refractive index of 
air, grey parts represent PBG-08 glass material with refractive index provided by equation (5.1.1). 
 
As is depicted in Fig. 5.1.1. the biggest difference between these fibers is their air-
hole diameter 𝑑 and their pitch 𝛥. These differences relate in significantly different effec-
tive indexes 𝑛𝑒𝑓𝑓 and dispersion curves, as can be seen in Fig. 5.1.2. 
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Fig. 5.1.2: Dispersion curves for PCFs NL24C4 (a) and NL29A6 (b). 
 
From the dispersion curve it is then possible to calculate 𝐺𝑉𝐷 and higher order dis-
persion values up to 𝛽10, these parameters are required for calculation of SCG. For this thesis 
I used a laboratory build FSL with 1.5 ps pulse duration and 167 W pulse peak power at 
1560 nm. This pulse can be amplified using an Erbium-Doped Fiber Amplifier (EDFA), which 
theoretically provides peak power amplification up to 16.7 kW (at an average output power 
of 30 dBm). The nonlinear coefficient 𝛾=206.84 W-1km-1 for NL24C4 and 𝛾=747.8 W-1m-1 for 
NL29A6.  
 
For SCG I then used Matlab script provided by Dudley et. al, RMP 78 1135 (2006). 
The resulted SC spectra can be seen in Fig. 5.1.3 and 5.1.4. 
 
 
Fig. 5.1.3: Results of simulation of NL24C4 (a) and NL29A6 (b) with 16. 7 kW pulse power 
(30 dBm EDFA output) for wavelength span of 1300 – 2100 nm with 0.5m long fiber. 
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In figure 5.1.3 it can be seen, the optimal SCG for maximum of 30 dBm input power, 
that would showcase best possible result. This input power however, can only be reached 
by using EDFA amplifier, as FSL offers only 167 W peak power. For NL29A6 the for-
mation of SC can be observed even without EDFA amplification, as depicted in Fig. 5.1.4. 
(a). 
 
Fig. 5.1.4: Results of simulation of NL24C4 (a) and NL29A6 (b) with 166 W pulse peak power for wave-
length span of 1300 – 2100 nm with 0.5m long fiber. 
 
Fiber NL24C4 on other hand requires at least 25 dBm average power input (depicted 
in Fig. 5.1.4. (b)) for any spectral broadening to occur. This is further reinforced by the 
fact that NL24C4 offers significantly smaller 𝛾, than fiber NL29A6. However, even when 
increasing input power by 3 dBm spectral broadening increases only by ~100 nm, as 
depicted in fig 5.1.5. 
 
Fig. 5.1.5: Results of simulation of NL24C4 with 5 kW (a) and 10 kW (b) pulse power for wavelength 
span of 1300 – 2100 nm with 0.5m long fiber. 
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6. Experimental campaign  
 
In this chapter I will describe the measurement setup and the challenges associated 
as well as femtosecond pulse generation and the results gained through measurements. 
 
 
6.1 Femtosecond pulse generation 
 
One of the base components for SC generation is FSL. I use the setup that is based 
on the nonlinear polarization rotation. A phenomenon, that changes the polarization direction 
based on the intensity of optical pulse already propagating in the fiber [42].   
 
Since even SMF allows two polarization states to propagate in the fiber, there is a 
birefringence – a difference in refractive indexes in x and y axis of the fiber. If there is a high 
optical signal present in a fiber, the nonlinearity will also influence the nonlinear polarization 
rotation [42, 43, 44]. This can be understood by the coupled NLSE for x and y axis of the fiber 
[43, 44]: 
𝛿𝐴𝑋
𝛿𝑧
+
𝛼
2
𝐴𝑋 = 𝑖𝛾(|𝐴𝑋|
2 + 2𝐴𝑌
2)𝐴𝑋   (6.1.1) 
𝛿𝐴𝑌
𝛿𝑧
+
𝛼
2
𝐴𝑌 = 𝑖𝛾(|𝐴𝑌|
2 + 2𝐴𝑋
2)𝐴𝑌   (6.1.2) 
 
where 𝐴𝑋 and 𝐴𝑌 are the envelopes of optical field propagating along the axis, 𝛼 is 
attenuation coefficient and 𝛾 is nonlinearity of the fiber. By solving these equations, a nonlin-
ear phase shift is gained [44]: 
 
𝛥𝛷𝑁𝐿 = (
𝛾𝑃𝐿𝑒𝑓𝑓
3
⁄ ) cos 𝜃    (6.1.3) 
 
where 𝜃 denotes angle between x and y axis of polarization, P is the optical power 
and 𝐿𝑒𝑓𝑓 is effective length of the fiber. As a result, once the pulse passes the isolator, it is 
linearly polarized, but through the propagation of the optical signal in the fiber, the polarization 
in x and y axis changes based on intensity of the signal [44].  
 
The polarization is then again corrected by the PC in such a way, that the signal is 
linearly polarized in the middle of the pulse, but the edges are not. The signal will then pass 
through isolator that will permit the signal with linear polarization, but will absorb the edges 
and thus shorten the pulse.  
 
In this thesis I used laboratory-built FSL that only required the optimization of the out-
put power ratio coupler, but was otherwise finished. The schematics of the FSL can be seen 
in Fig. 6.1.1. 
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  Fig. 6.1.1: Schematics of self – build FSL. 
 
In my setup I generate the femtosecond pulses by pumping Erbium-doped fiber 
(EDF) at 980 nm with the output of EDF connected as input in a loop. The output of the EDF 
is connected to the isolator to ensure the propagation in only one direction and to linearly 
polarize the optical signal. The polarization controller (PC) is then used to match the polari-
zation of the optical signal already propagating in the loop with the one generated in the EDF 
 
In this setup the output of the FSL is coupled by 50:50 coupler, as it was experimen-
tally found that it offers highest FSL output. Since it is important to have enough energy cir-
culating in a loop to ensure the pulsed regime. The current of the EDF pump diode was set 
to 250 mA. This way I was able to achieve pulse generation of 1.5 ps, peak power of 167 W 
and 40 MHz at 1560 nm. The spectrum of the output of FSL can be seen in Fig. 6.1.2. 
 
 
Fig. 6.1.2: Spectrum of FSL. 
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6.2 Coupling of Photonic Crystal Fibers 
 
As described in chapter 3. and 4. PCFs offer high nonlinearity and flat dispersion 
curve, therefore I use them in my SCG setup. These fibers have often very small core diam-
eter in order of 1 – 3 µm and as such it is challenging to effectively launch a signal into them. 
However, PCFs I use have large numerical aperture (NA) in order of 0.8 at 1550 nm [45] as 
opposed to NA = 0.14 for SMF-28. 
 
High NA allows for easy of coupling optical signal launched into the fiber, on the other 
hand it creates significant challenges with coupling the output of the PCF to display the result 
on the optical spectrum analyzer (OSA). As the signal leaving PCF is launched with an angle 
of 53º in case of 0.8 NA and needs to coupled into SMF under 8 º. 
 
For the SCG, it is more important to get the highest possible amount of optical power 
into PCF, as it will contribute to the SCG. The high PCF to SMF coupling loss of up to 25 dB 
is then secondary, as it is only used to display the results.  
 
However, it is still important to use OSA with sufficient dynamic range to be able to 
display results and sensitivity better than -50 dBm. For the coupling itself I used the setup that 
can be seen in Fig. 6.2.1. 
 
 
 
Fig 6.2.1: Coupling setup using lenses. 
 
As it is depicted in Fig. 6.2.1 I used pigtailed Graded-Index (GRIN) fiber optic collima-
tor that launches the signal into PCF through 60x lenses. In this case both PCF and GRIN 
collimator are positioned on the 3-axis flexure stages while the lenses have fixed position. 
This allow for fine tuning of the position of both PCF and the GRIN collimator. 
 
The coupling is then done by a visible light laser (VLL) to achieve the initial coupling. 
I then substituted VLL for tunable laser at 1550 nm and adjusted the setup using the power 
measured at the output of the PCF. To measure optical power I used Thorlabs PM100D 
power meter, which has a large and easily positioned photodetector that I position at the 
unconnected output of the PCF.  
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This way it is possible to achieve up to 3 dB loss coupling. For improved stability it is 
useful to use an optical table, but the ordinary table can work as well with measured difference 
in loss of up to 0.5 dB.  
 
Similar setup can also work for coupling the output of the PCF into GRIN collimator, 
however the coupling losses can reach up to 26 dB. This is caused by an angle of the beam 
launched from PCF. Since I have only 3-axis stage available, there is no way to compensate 
for the angle of the PCF or the GRIN collimator, as is depicted in Fig. 6.2.2. 
 
Fig. 6.2.2: Angular error when launching optical signal from PCF. 
 
 This results in the maximum of 18 dB coupling loss. This is not a problem if I couple 
signal into PCF as the signal is launched from small NA of 0.14 into high NA of 0.8, however 
in case of coupling out of PCF it is reversed. 
 
For this measurement of SCG I used OSA Yokogawa AQ6370C with 73 dB dynamic 
range at -10 dBm reference that allowed to display measurement results.  
 
This setup is also affected by maximum optical power limitation imposed by the GRIN 
collimator. Its datasheet value is 300 mW (24.8 dBm). As a solution, I used the alternative 
setup. The modified setup can be seen in Fig. 6.2.3. 
 
 
 
Fig. 6.2.3: Coupling using aspheric lens pair. 
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Instead of lenses I use mounted aspheric lens pair and instead of GRIN collimator I 
use spliced SMF, since the lens pair is specifically designed for NA of SMF (NA = 0.14). 
Similarly, as in previous setup, both SMF and PCF are placed on 3-axis stage with lens pair 
being in a fixed position. The setup is then tuned in the same manner as the previous with 
initial coupling done with VLL and fine-tuned with 1550 nm tunable laser. 
 
This results in a similar, result of 3.5 – 4 dB coupling loss. If I use this setup for cou-
pling out of PCF into SMF the results are again similar as before with 17 dB coupling loss. 
Again, it is caused by the use of 3-axis stage and inability to correct the angular difference of 
SMF and PCF, as can be seen in Fig. 6.2.2. 
 
 
6.3 Measurement of stimulated Brillouin scattering 
 
Since I work with high input optical power there is a possibility of crossing the thresh-
old of stimulated Brillouin scattering (SBS) as described in chapter 2.8. To experimentally 
determine the threshold of SBS and to test the limit of optical power which can be launched 
into the studied PCF I used setup that is depicted in Fig. 6.3.1. 
 
 
Fig. 5.3.1: Setup used to measure SBS and maximum input power 
 
 This setup uses a tunable laser with output set at 1550 nm, 6 dBm and the optical 
power entering EDFA at 3.54 dBm. EDFA is then used to amplify the input to 20 - 30 dBm. 
To measure lower power than 20 dBm I use VOA to tune power entering fiber under test. 
 
I then use 99:1 coupler to measure precise power entering PCF under test. The 
power meter (PM20) connected to 1% output is used to measure the power entering PCF. 
As an output power meter I use Thorlabs PM100D that has large and easily positioned pho-
todetector however, it has a damage threshold of 16 dBm. To overcome this limitation, I used 
filter with attenuation of 20 dB at 1550 nm.  
 
To determine the SBS threshold I compare the values of input from power meter 
PM20 and output from power meter PM100D. I then change the input power linearly by 1 
dBm increments, the output changes linearly as well. The results can be seen in Fig. 6.3.2. 
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Fig. 5.3.2: Results of SBS threshold measurements. 
 
As can be seen in Fig 5.3.2. output power has linear progression in regard to input 
power, and therefore no SBS was observed.  
 
 
6.4 Supercontinuum generation setup and results 
 
As described in chapter 4.3 the SC generation requires high nonlinearity and thus 
high input power. Therefore, before I start, it is important to thoroughly clean all connectors 
or these connectors or even some other equipment can be damaged as a result. 
 
 For this measurement I used PCF fiber PBG – 08 NL24-C4 made out of lead-bis-
muth-galate oxide glass with 1.89 refractive index, as was simulated in chapter 5. The length 
of the fiber is 50 cm and the picture of the fiber cross section can be seen in Fig. 6.4.1. Fiber 
NL29C6 was not experimentally measured due to insufficient supply of this particular fiber. 
 
  
 
Fig. 6.4.1: Photo of the fiber used to generate SC (PBG – 08 NL24-C4) at 60x magnitude. 
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The entire setup will be placed on an optical table for higher stability and efficiency of 
coupling and can be seen in Fig. 3.4.1. 
Fig. 6.4.1: Setup for SC generation. 
 
In this setup I use FSL as described in chapter 6.1. This allows for pulse generation 
of 1.5 ps with 167 W peak power output and 40 MHz at 1560 nm. Since the power output of 
FSL is insufficient to generate SC I use EDFA (Keyopsys CEFA-C) which is able to amplify 
signal to 20 – 30 dBm. However, this amplifier is not designed to amplify such short pulses 
and as a result the spectrum of the FSL is severely distorted.  
 
 For this measurement I used OSA Yokogawa AQ6370C with 73 dB dynamic range 
at -10 dBm reference. The OSA is connected to 99:1 coupler is used to view the distorted 
spectrum of FSL after EDFA. Alternatively, OSA can be substituted by power meter to verify 
the power entering PCF.  
 
 To couple signal into the PCF I used coupling with a doublet and to couple the signal 
out of PCF I used GRIN collimator with setups described in chapter 6.2. This resulted in ~4 dB 
attenuation when coupling into the PCF and 23 dB attenuation when coupling out of PCF. To 
measure the value of PCF attenuation, I measured the PCF at two different lengths and the 
resulted attenuation is then calculated from the difference. For NL24C4 I measured attenua-
tion as α = 3 dB/m. 
 
To generate SC, I then tuned EDFA output from 20 dBm up to 26 dBm with 1 dB 
increments. The results can be seen in Fig. 6.4.4 and 6.4.5. 
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Fig. 6.4.4: The resulted generated SC with 20, 21, 22 and 23 dBm EDFA output. 
 
Fig. 6.4.5: The resulted generated SC with 24, 25 and 26 dBm EDFA output. 
 
As can be seen in Fig. 6.4.4 and 6.4.5. there is apparent development of new wave-
lengths in the longer wavelength region. The OSA used offers maximum wavelength of 1700 
nm. From the Fig. above it is apparent that the longer wavelength limit of the OSA was 
reached at 23 dBm. Further increase of EDFA output did not generate new wavelength com-
ponents at the shorter wavelengths.  
 
The ripple of the SC is ~20 dB across spectrum. The SC spectral span is from 
1510 – 1700 nm for EDFA output of 23 dBm and more. For 20, 21 and 22 dBm EDFA output, 
the spectral span is 1530 – 1630, 1530 – 1665 and 1520 – 1690 respectively. 
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In comparison to simulation these results proved inferior in SCG, especially for shorter 
wavelengths. This can be contributed to the ZDW of the PCF, which is at 1982 nm and there-
fore is not optimal for generation of SC when 1560 nm pump is used. This conclusion was 
also shown during simulations which match the measured results. 
 
Another factor is pump pulse distortion caused by EDFA. To overcome this challenge 
I would require either different FSL with shorter pulse duration and higher peak power or a 
specifically designed short pulse amplifier. 
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7. Conclusion 
 
In theoretical part of this thesis I studied separately linear and nonlinear phenomena 
that contribute to the generation of the supercontinuum. However, the discrete description of 
each effect cannot fully describe the process of spectral broadening. While the initial broad-
ening can be described by SPM and dispersion the edges of SC require different approach.  
 
Therefore, it is important to understand the dynamics in which each of these effects 
interact in order to generate additional spectral components on the short and long end wave-
lengths. 
 
SC generation is highly dependent on the nonlinearity and the dispersion curve of a 
particular optical fiber. For that reason it is useful to use PCFs as they provide possibility to 
tailor both these parameters, while modifying the design of the air-hole structure.  
 
In Chapter 5 I modelled two lead-silicate fibers available, NL24C4 and NL29A6, to 
estimate the possibility of SCG. The result of simulations showed that it is theoretically pos-
sible to generate SCG, however it would require high-intensity peak powers.  
 
In the experimental campaign I then proceeded with SCG. This resulted in new com-
ponents being generated. However, there is significant limitation imposed by the power out-
put of FSL, limited at 13 dBm of average output power.  
 
While amplification of the input pulse significantly improves the SCG, as is proved by 
simulations, in the measurement campaign, the EDFA that I used was not designed for ultra-
short pulse amplification, thus severely distorted the pulse shape. A modified amplification 
scheme would be required or a higher peak-power FSL source, i.e. with shorter pulses in 
order of hundreds of femtoseconds.  
 
Another limitation was given by the employed OSA. Although it provided a dynamic 
range of 73 dB at -10 dBm reference level, it is limited by the 1700 nm at maximum wave-
length. With the tuning of the EDFA this upper wavelength limit was reached at 23 dBm EDFA 
output and there was no reason to continue increasing EDFA power output, as there would 
be no possibility of displaying the results.  
 
The measured PCF provides ZDW at 1982 nm and as result is not optimal for SCG, 
since I used 1560 nm pump wavelength and this conclusion was reinforced by simulations.  
 
However even with these limitations, I generated new spectral components at the 
longer wavelength region up to 1700 nm and up to 1510 nm at shorter wavelength region at 
23 dBm EDFA average power output. The spectral power ripple of the SC was at ~20 dB. 
Similar results were achieved for this fiber in simulations. 
 
By simulating two PCFs and experimentally measuring one of them I therefore com-
pleted the thesis assignment. Future work will continue with pumping scheme over 2000 nm 
to fully unlock the potential of NL24C4 PCF as was observed in simulations. 
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